We report high temperature superconductivity in one unit-cell (1-UC) FeSe films grown on SrTiO3 (STO) (110) substrate by molecular beam epitaxy. By in-situ scanning tunneling microscopy measurement, we observe a superconducting gap as large as 17 meV on the 1-UC FeSe films. Transport measurements on 1-UC FeSe/STO(110) capped with FeTe layers reveal superconductivity with an onset transition temperature (TC) of 31.6 K and an upper critical magnetic field of 30.2 T. We also find that TC can be further increased by external electric field although the effect is weaker than that on STO(001) substrate.
The single unit cell (UC) films of FeSe on perovskite SrTiO3(STO)(001) substrate (referred as FeSe/STO(001) hereafter) exhibits probably the highest superconducting transition temperature TC [1] [2] [3] [4] [5] [6] [7] [8] among all heterostructure systems discovered so far. A superconducting gap of 20 meV 1 , almost one order of magnitude larger than that of bulk FeSe 9 , was observed by scanning tunneling microscopy (STM). Angle resolved photoemission spectroscopy (ARPES) revealed a similar gap that closed at ~65 K [2] [3] [4] , while transport measurement on this system covered by FeTe capping layers demonstrated a superconducting transition temperature TC > 40 K 5 . Ex-situ mutual inductance and in-situ four-probe measurements even indicated a transition temperature of 65 K 8 and 100 K 7 , respectively, which were higher than the record TC = 55 K of bulk iron-based superconductors 10 .
The advent of enhanced superconductivity in FeSe/STO(001) has instigated great interests in other interfacial systems 1, [11] [12] [13] [14] . For example, by replacing FeSe with FeTe1-xSex a superconducting gap of 17 meV was observed 14 , while using BaTiO3 and strained STO substrates led to a gap closing temperature up to 75 K 11, 12 . The investigations reveal the crucial roles of interface charge transfer [2] [3] [4] 6, [15] [16] [17] [18] [19] [20] and electron-phonon coupling 1, 6, [18] [19] [20] [21] . In addition, stress caused by lattice mismatch between FeSe and STO substrate is also thought to be responsible for TC enhancement 4 . To figure out the key role of substrate, STO(110) substrate is of great interest because it resembles STO(001) in high density subsurface oxygen vacancies [22] [23] [24] but distinguishes itself by a rectangular in-plane lattice 25, 26 direction, whereas an one-to-one correspondence between FeSe and STO exists along the
[001] direction. It is worth noting that either irregular bumps ( Fig. 1(b) ) or periodic stripes ( Fig. 1(f) and (g)) could originate from vertical shift of FeSe films due to the FeSe strain resulting from lattice mismatch. We speculate that the contrast between bumps and stripes may correlate with different surface structure due to different pretreatment of Nb-STO and insulating STO substrates.
To establish that the gap opening as observed in Fig. 1 This capping method has been successfully used to protect FeSe/STO(001) from ambient contamination/oxidation 5 . Figure 2 (a) displays the sample resistance as a function of temperature at zero field (a schematic setup for transport measurements is shown in the inset).
The resistance exhibits a linear dependence on temperature below 100 K, deviates from linearity at 47 K, and drops by three orders of magnitude at 16 K. By extrapolating the normal resistance and the superconducting transition curves, we obtain an onset temperature of Tonset ~31.6 K, which is almost four times of the TC ~8 K for bulk FeSe 29 . The same transition is seen from another pair of contacts on the edge of the sample (right panel of Fig. 2(a) ), attesting to the macroscopic homogeneity of our films. Our following data are from the central pair of contacts; the other pairs give essentially the same results. The inset in Fig. 2(b) shows the resistance as a function of temperature at various magnetic fields applied perpendicular to the film. We can clearly see that as the magnetic field increases, the superconductivity transition region becomes broader and TC shifts to lower temperatures. For a 2D superconductor, its response to an external magnetic field normal to the 2D plane is expected to follow the linear Ginzburg-Landau formula 24 :
here μ0HC2 is the upper critical field, ξ the in-plane coherent length, and Φ0 = h/2e the flux quantum. , 2 (0) and TC represent the superconducting transition temperatures at zero field and at a finite field, respectively. Due to the 2D nature of this system, the superconducting transition spreads in a broad temperature window of more than 10 K. Here, we use the mid-point temperature Tmid at which the resistance drops to 50% of the normal state resistance, namely R(Tmid) = 50%Rnorm, to estimate the upper critical field. As shown in Fig. 2 It is consistent with the results that Δ(110) ~17 meV < Δ(001) ~20 meV 1 and Tonset (110) ~31.6 K <
The 2D superconductivity is evidenced by the signature of Berezinski-Kosterlitz-Thouless (BKT) transition 33 . The voltage versus current V(I) characteristics shown in Fig. 3(a) was measured at temperatures ranging from 16 to 45 K at zero magnetic field. The V(I) curves exhibit a V ~ I α power-law dependence, and the exponent changes systematically as expected for the BKT transition 33, 34 . A detailed evolution of the α-exponent as a function of temperature is summarized in Fig. 3(b) . With decreasing temperature, the exponent α deviates from 1 and changing from positive to negative values at a temperature around 120-130 K before the superconducting transition and then remaining at negative values (inset of Fig. 4(a) ). Using STO as a back gate is expected to electrostatically modulate the superconductivity. Fig. 4(a) displays the resistance as a function of temperature at various gate voltages (Vg) for and theoretically supported 6, 15, 18, 21, 37 . Both systems host similar 2D carrier densities (due to oxygen vacancies) 23, 38 , and a O-Ti-O stretching mode with the energy at ~ 100 meV 39, 40 , which couples with FeSe electrons and contributes to superconductivity as revealed by the ARPES study 6 .
We have systematically studied the superconductivity properties of ten FeSe/STO (110) samples in total and found that FeSe/STO (110) In conclusion, we demonstrate the interface enhanced superconductivity in 1-UC FeSe films on STO(110) by in situ STS and direct transport study. FeSe/STO(110) exhibits similar high temperature superconductivity properties to the previously studied FeSe/STO (001) system. It suggests that interface charge transfer and interface enhanced electron-phonon coupling proposed in our previous study 1 and supported recently by several studies [2] [3] [4] 6, 16, [18] [19] [20] [21] 37 may be responsible for the high temperature superconductivity observed in both FeSe/STO(110) and FeSe/STO(001) systems. systems.
